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Abstract—As IC process geometries scale down to the nanome- Light source
ter territory, industry faces severe challenges of manufacturig
limitations. To guarantee high yield and reliability, routing
for manufacturability and reliability has played a pivotal role o
in resolution and thus yield enhancement for the imperfect Projection len
manufacturing process. In this article, we introduce major —_—
routing challenges arising from nanometer process, survey key
existing techniques for handling the challenges, and provide some
future research directions in routing for manufacturability and
reliability.
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I. INTRODUCTION

As the process geometries scale down to the nanometer territory,
the IC industry faces severe challenges in manufacturability and
reliability. Among these challengeqyptical proximity correction
(OPC),chemical-mechanical polishing€MP), anddouble-patterning
technology(DPT) are current major issues for manufacturability, and
antenna effecaivoidance andlouble-via insertiorare often adopted
for reliability. Those issues are often tackled at the post-layout stage. ) o
Nevertheless, with the fast-growing design complexity, it is desirable Fig. 1. A typical optical lithography system.
to handle these issues earlier at the routing stage to provide higher
exibility for the optimization. Consequently, we shall focus our
discussions on routing for these challenges.
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193nm wavelength. The sub-wavelength lithography gap might lead
1. ROUTING FORMANUFACTURABILITY to unwanted large shape distortions for the printed patterns on the
. . wafer. Physically, when a light with the wavelengttpasses through
For manufacturability, OPC and CMP are two most important, aperture of the sz the wavefronts of the light behave differently
concerns for modern chip designs. The former adds or subtra E%ording to the relation betweenandd. When is much smaller
feature patterns to a mask to enhance the layout resolution and the aperture sizé on the mask, the wavefronts of the light
the printability of the mask patterns on the wafer, while the latteemain straight, as illustrated in Figure 3(a). However, wheis
improves layout uniformity and chip planarization to achieve highljyse o or larger thami, the light behaves like waves (instead of

manufacturing yield. particles) and diffraction occurs (see Figure 3(b)), making the pattern
. on the wafer not exactly the same as that on the mask. As a result,
A. OPC-Aware Routing intensive use of costlyesolution enhancement techniquU&ETS) to
We shall rst briey introduce the manufacturing process. Thémprove the layout accuracy becomes inevitable.
process uses an optical lithography system and goes through maniany RETs are adopted at the post-layout stage to enhance the
cycles of processing, each of which consists of two major stepgsintability and thus the yield. The increasing design complexity,
exposurefollowed by etching however, leaves very limited space for post-layout optimization.
Figure 1 illustrates a basic optical lithography system. In thEherefore, it is desirable to consider the manufacturability earlier
exposure step, it transfers the patterns on a mask to the light-sensitivéhe design ow, such as RET-aware routing.
positive or negative photoresist coated on the top of the wafer, whichAmong the RETs,optical proximity correction(OPC) is most
is performed by an intense ultraviolet light emitted from the lighpopular in industry. OPC is the process of modifying the layout
source via the apertures of the mask. Exposed by the light, the positpatterns on the mask (drawn by the designers) to compensate for
photoresist becomes soluble to the photoresist developer, while the non-ideal properties of the lithography process and thus to
negative photoresist becomes insoluble. This chemical change all@mhance the layout printability. Figure 4 illustrates an example of
some of the photoresist to be removed by a special solution. In tB®C enhancement. Without OPC, the printed patterns on the wafer
etching step, a chemical agent removes the uppermost layer of wwuld be distorted from the designed pattern on the mask due to the
wafer in the areas that are not protected by photoresist to form thab-wavelength lithography. In contrast, if the patterns on the mask
designed patterns on the wafer. are enhanced by OPC, the printed patterns on the wafer could well
With the continuous shrinking of the minimum feature size, I@natch the original designed patterns.
foundries have to use an optical lithography system with a larger However, OPC might incur a large number of extra pattern
wavelength of light to print a feature pattern with a much smalldeatures, implying larger memory requirements and longer time to
size on a wafer, which is called ttsib-wavelength lithography gap record and process these features, and thus higher mask-magtsg co
(see Figure 2). For the modern process technology, for example, sueh as mask synthesis, writing, and inspection veri cation. If a router
might need to print a 45nm feature pattern by using the light @fn consider the optical effects, the number of pattern features on the
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Fig. 4. The effects of OPC: (a) without OPC, the printed patieon the
wafer incur large distortions from the patterns on the masH, (&) with OPC

Fig. 2. The sub-wavelength lithography gap: the printedueasize is enhancement, the printed patterns could well match the afigiatterns.

smaller than the wavelength of the light shining through theskna
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Fig. 5. Three major types of pattern distortions (the daskvezsIrepresent

the ideal pattern shapes): (a) corner rounding, (b) ligs#rortening, and (c)
line-width shrinking.
——
router to reduce the requirements for OPC-pattern feature [1]. They -=
handled the pattern distortions based on the three major tgpaser
rounding line-end shorteningandline-width shrinking as illustrated @) (b) (©
in Figures 5(a)—(c). For each type of distortions, the pattern features
required for compensation are identi ed based on some geomefiig. 6. Three major OPC compensation pattern features: (af) $ey
rules; for exampleserifs are added at corners to make the angld®mmerhead, and (c) line biasing.
sharper,hammerheadsare added at line ends to compensate for
line-end shortenings, ankihe biasingsare added along line sides
to compensate for line-width shrinking (see Figure 6).

The number of pattern features required for OPC is then model&blerefore, the total number of additional features for a line can be
as a cost for routing a connection. For example, as shown rimodeled as a function of the length and width of the line. With this
Figure 6(a), four serifs are required to add at the four corners fianction, we can incorporate the OPC cost into the original routability
increase the delity of images for a line. Also, when the length of and wirelength costs for a router to obtain a rule-based OPC-aware
line increases, the ends of the line become shortened, as illustratetbitting methodology.

Figure 6(b); therefore, two hammerheads are required to add at theChen, Liao, and Chang recently considered the OPC effects during
line ends for a long line. Besides, a wider line is easier to be affectasliting to alleviate the cost of post-layout OPC operations [2]. They
by neighboring lines than a narrower one, making the sides of a lideveloped an analytical formula for the intensity computation by
shrink more seriously. Therefore, as shown in Figure 6(c), some linerve tting simulated intensity data, i.emodel-based OPQwhich
biasings in the line sides are required to be added for a wide linevolves complicated simulations of various process effects), and

@ (b)

Fig. 3. When a light with the wavelengthpasses through an aperture of the
sized, the wavefronts of the light behave differently accordinghe relation

between andd. (a) When is much smaller thad, the wavefronts remain
straight. (b) When is much larger thand, diffracted wavefronts might occur.
nal mask can greatly be reduced.

Chen and Chang proposedrale-based OPC-aware multilevel




a post-layout OPC modeling based omuaasi-inverse lithography

technique and then incorporated the OPC costs into an OPC-friendly / " H\
rOLIter. Inverse-like kernel function

As illustrated in Figure 7, the function of a wafer pattern can be @ —
computed by the convolution of the function of a mask pattern and the Kemelfuncﬂon\
kernel function that models the light wave. Therefore, the function of - - R

the mask pattern can be computed by the convolution of the function
of the wafer pattern and the inverse kernel function.
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Fig. 8. lllustration of the quasi-inverse lithography teifue for OPC

demand calculation.
@

vias, and line ends. This cost metric is then used to guide detailed

I routing to nd desired paths.
B. CMP-Aware Routing

In the modern metallization process, copper (Cu) has replaced
Fig. 7. Relationship among the light wave, a mask pattern, améafer the traditional aluminum (Al) due to its better properties, such as
pattern. higher current-carrying capability, lower resistance, and lower cost.
However, the process of copper is signi cantly different from that
) ) for traditional aluminum. The modern copper metallization process
During the post-layout OPC process, an OPC tool is used to aglgplies thedual-Damascene proces$g], which consists ofelectro-
patterns to modify the original layout. The modi ed layout may nopjating (ECP) followed bychemical-mechanical polishingCMP).
be unique and is typically hard to predict. With the relationshighe ECP deposits the copper on the trenches, while the CMP removes
among the kernel function, the mask pattern, and the wafer pattefig copper that over lis the trenches, as shown in Figures 9(a)-(c).
in mind, however, we can predict the required free spaces for post-Figure 10 shows a schematic diagram of the CMP process. Abra-
layout OPC patterns. Chen, Liao, and Chang proposed a quasiénvejige and corrosive chemicalurry that can dissolve the wafer layer
lithography technique to predict the required free spaces for ORCdeposited on the surface of a polishing pad. Then, the polishing
processing. pad and wafer are pressed together by a dynamic, rotating polishing
Figure 8 illustrates this technique for OPC demand calculatioRead. Combined with both the chemical reaction and the mechanical
First, they use the tted intensity formula to obtain the originaforce, the CMP process can remove materials on the surface of wafer
intensity map for a layout. Second, the insuf cient intensity mapnd tends to make the wafer planar.
is computed by subtracting the values in the target intensity map
from the corresponding ones in the original intensity map. Third, the
insuf cient amplitude map is computed by the square root of the
insuf cient intensity. Note that insuf cient amplitude makes some
design shapes not able to be printed clearly in the nal layout. So
the insuf cient amplitude map can quantify this insuf cient amplitude
for a layout to be printed clearly. Fourth, given the light source and
parameters, we can obtain its kernel function and then its inverse
kernel function. The kernel function models the impact of a point on
the mask on other points on the wafer; therefore, the quasi-inverse
kernel function models the effect of the points on a wafer on one point --
in the mask. In other words, the quasi-inverse kernel function capture Wafer
the amplitude interaction and is used to propagate the amplitude
demand from the routed patterns. Fifth, the OPC demand map is
computed by the convolution of the quasi-inverse kernel function
and the insuf cient amplitude map. The OPC demand map models
the OPC cost for an OPC-aware routing. A point with a larger OPC
demand implies a higher probability for adding an OPC pattern at
the point by a post-layout OPC tool. Therefore, we shall reserve However, because of the difference in the hardness between copper
those points with larger OPC demands in the routing stage for postid dielectric materials, the CMP planarizing process might generate
layout OPC processing to prevent from a time-consuming layotdpography irregularities, which might incur signi cant yield loss of
modi cation process. Finally, the OPC demand cost is incorporatepper interconnects. The studies of the CMP process have indicated
into an OPC-friendly router to nd a desired path with the minimumhat the post-CMP dielectric thickness is highly correlated to the
OPC cost. layout pattern density, because during the polishing step, the dielectric
Huang and Wong, Wet al, and Mitra et al. also addressed removal rates are varied with the pattern density. A non-uniform
OPC-aware routing [3]-[5]. All of these works (and the work [1]feature density distribution on each layer might cause CMP to over
focused on OPC-aware routing based on the interference between petish or under polish, as illustrated in Figure 11.
during routing and did not consider the potential post-layout OPC These post-CMP thickness variations need to be carefully con-
change. Chcet al. proposed a correct-by-construction OPC-awargolled, since the variation in one metal layer could be progressively
router [6]. Based on statistical characterization, they presented a pastasferred to subsequent layers during manufacturing, and nadly th
OPC lithography cost metric by considering the interference amoagcumulative variation could be signi cant on the upper metal layer,
weak grids lled with lithography-critical shapes such as cornersyhich is often called thenulti-layer accumulative effed8].

AN Polishing head

Polishing pad

Fig. 10. Schematic diagram of the CMP polisher.
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Fig. 9. Damascene process: (a) Open trenches, (b) Eledirmp(&CP) deposits Cu on the trenches, and (c) Chemical-mézdigolishing (CMP) removes
Cu that over lIs the trenches.
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Fig. 11. Layout-dependent thickness variations: (a) AviRCQayout and (b)
Post-CMP thickness variation. (a) (b)

Fig. 12. Minimum pin-density global routing [10]: (a) Themeawo possible
1-bend paths andb from the sourceS to the targeflT and (b) The patta
In order to improve the CMP quality, modern foundries oftemith smaller pin density is better than the pdth
impose recommended layout density rules (or even density gradient
rules) on each layer and I[Hummy featureénto layouts to reduce
the variations on each layer. However, these lled dummy features
might incur unwanted effects at 65nm and successive technoldgy DPT-Aware Routing

nodes [9]. For example, they may induce high coupling capacitancespye to the persistent technical problems on the 157-nm optical
to nearby interconnects and thus incur crosstalk problems. Moreoyghography and the immaturity and infrastructure challenges of the
dummy lis also signi cantly increase the data volume of masknext-generation 13.5-nm EUV (extreme ultraviolet) and e-beam litho-
lengthening the time of mask-making processes and thus the mggkphy, it is expected to continue using the illumination wavelength
cost. Especially, these lled features would signi cantly increase thgf 193 nm for 45-, 32-, and 22-nm technology nodes in the near
input data in the following time-consuming RETSs, such as the ORGiyre.
process. Double-patterning lithographyDPT) has received more attention
Wire density greatly affects dummy feature lling. The layoutand interest recently [13], [14], since it can increase the half-pitch
pattern (consisting of wires and dummy features) density strongly desolution by up to two times using current infrastructures, thereby
pends on the wire density distribution, as reported in [10]. Thereforgtending the 193-nm immersion lithography beyond the 32-nm node
controlling wire density at the routing stage can alleviate the probleraad potentially down to the 16-nm node. Currently, DPT mainly
induced by aggressive dummy feature lling. Additionally, good wirgargets on the critical patterns or advanced devices such as NAND
distribution can reduce the random particle short defects and alsgh memory, but it is expected to apply on most designs in the
benet the post-layout redundant-via insertion (see Section IV-Bhearest future.
which can translate into yield gain. Although there are different approaches of DPT [15], the under-
The density uniformity in different routing stages for CMP varidying principle is based orpitch relaxation which splits a dense
ation control has been addressed in the literature [10]-[12]. Cheask into two less-dense masks and then sequentially prints (exposes
et al. considered CMP variation during global routing [10]. Theyollowed by etches) each mask on a target wafer. For example (see
empirically showed that the number of inserted dummy featur@$gure 13), a dense layout with 32-nm line width and 64-nm pitch can
can be predicted by the wire density and observed that a p## manufactured by two complementary masks with 32-nm line width
with higher pin density may not get much benet from the wireand more relaxed 128-nm pitch, which enlarges process windows and
density optimization since there is littte room for improvement (it ignhances the depth of focus (DOF) and exposure latitudes (EL) [16].
destined to have high wire density from the beginning). Therefore, In DPT, a pair of two untouched patterns of the same layer would
they proposed aminimum pin-density global-routinglgorithm to  become aon ict if their distance is less than or equal tsplitting
reduce the maximum wire density. distanceprovided by foundries, denoted s, which represents the
Figure 12 illustrates the minimum pin-density global-routing alminimum distance allowed in each DPT mask. If a pattern is split
gorithm. A net from the sourc& to the targetT to be routed is into different DPT masks, the dividing point between different masks
shown in Figure 12(a) with a pin distribution. If only the L-shapedn this pattern is called stitch
(1-bend) routing paths are allowed, there are two possible paths, Like the phase assignment problem in Alt-PSM (alternating phase-
andb, with the same wirelength but different pin densities. Since ttshift mask) [17], it seems a natural way to nd a DPT layout
existence of a pin implies at least one connection to other pinsdacomposition solution through applying a 2-coloring algorithm in
path with higher pin density likéd would tend to have higher wire a con ict graph. However, as mentioned in [21], the DPT layout
density eventually as shown in Figure 12(b), resulting in higher nalecomposition problem has higher complexity than Alt-PSM. One of
wire densities. Therefore, a path with the minimum pin density (likéhe reasons is that inserting stitches in DPT can break the odd-length
patha) leads to better wire density distribution. cycles in a conict graph and thus resolves some hard-to-resolve



64nm 128nm 128nm charges v_exc:(_eed a threshold, tﬁewl_er-qudheim(F-N) tunneling
el P 32nm§ ~—> current will discharge through the thin oxide and cause gate damage.
s2nmi : s2nme s it : On the other hand, if the collected charges can be released before
. wOmm P exceeding the threshold through a low impedance path, such as
diffusion, the gate damage can be avoided.
= N 1 IH B For example, considering the routing in Figure 15(a), the intercon-
nects are manufactured in the order of poly, metal 1, and metal 2.
After manufacturing metal 1 (see Figure 15(b)), the collected charges
dense mask less-dense mask #1  less-dense mask: o the right metal 1 pattern may cause damage to the connected gate
i ] ] oxide. The discharging path is constructed after manufacturing metal
Fig. 13. The pitch relaxation of DPT. A dense layout can be rfatured o (see Figure 15(c)), and thus the charges can be released through

by two complementary masks with more relaxed pitch. the connected diffusion on the left side.

There are three kinds of solutions to reduce the antenna effect [22]:

1) Jumper insertion: Break only signal wires with antenna
violation and route to the highest level by jumper insertion.
This reduces the charge amount for violated nets during
manufacturing.

Embedded protection diode Add protection diodes on every
input port for every standard cell. Since these diodes are
embedded and xed, they consume unnecessary area when
there is no violation at the connecting wire.

Diode inserting after placement and routing Fix those wires
with antenna violations that have enough room for “under-
the-wire” diode insertion. During wafer manufacturing, all the
inserted diodes are oating (or ground). One diode can be used
to protect all input ports that are connected to the same output

con icts.

Figure 14 illustrates the terminologies. By setting the splitting
distanceDs as , ve possible-conict patternsf p1,p2g, fp1,ps0,
fp2,p30, fps,pa0, fpsa,psg exist as in Figure 14(a). Without using 2)
stitches, a popular layout decomposition method, such as the nat-
ural split decomposition (NSD) mentioned in [18], would assign
f p1,p2,pag to DPT mask #1 anflps,psg to DPT mask #2, but would
result in a con ict betweerp; andp, as shown in Figure 14(b). By
inserting a stitch inp; that assigns respectiya and pip to DPT
masks #2 and #1, a better decomposition could be achieved without
any con icts as shown in Figure 14(c).

Notice that besides the con ict issues, it is also desirable to min- ! . :
imize the stitches since stitches may induce printability degradation ~ POrts. However, this approach works only if there is enough
caused by line-end shortening. room for diode insertion.

Existing approaches often focus on post-layout DPT decompo-Jumper insertion is a popular way to solve the antenna problem.
sition [19], [20]; however, the increasing design complexity leaveld avoid/ x the antenna violation, it is required that the total effective
very limited space for post-layout optimization. It has been reporté@nductor connecting to a gate be less than or equal to a threshold,
that considering DPT during routing can improve the quality dfmax . The threshold could be the wire length limit, the wire area
layout signi cantly in terms of decomposability and the number olimit, the wire perimeter limit, the ratio of antenna strength (length,
stitches [19]. Therefore, it is desired to consider double-patterniggea, perimeter, etc) to the gate size, or any model of the strength
earlier at the routing stages. of antenna effect caused by conductors. As the example shown in

In [21], Cho, Ban, and Pan proposed the rst DPT-aware detailddgure 18, we have a two-terminal net in whiafis the source node
routing algorithm. They rst proposed a path-coloring algorithn@indbis the terminal node. In this case, the antenna charge weight of
which decomposes a given routing path while minimizing the numberis the sum of the antenna charge weight of segments 4, 5, and 6,
of stitches. Then they developed a DPT-friendly detailed routinghich may violatel max . Note that once segment 3 is manufactured,
algorithm which simultaneously nds a DPT-friendly routing patha discharging path is established through segment 1 and the diffusion
and corresponding layout decomposition for each net. Experimeffsthe transistor a (see Figure 18(b)). If we add a jumper at the long
showed that the DPT-compatible layout generated by their DPgegment 5 (see Figure 19), the antenna charge weightsojust the
aware routing outperforms the current industrial sequential appros&im of the length of segments 8, 9, and 10, which will not violate
(routing followed by DPT layout decomposition) for both quality and-max . Thus, if we add jumpers appropriately, the antenna problem
runtime. can be easily solved.

3)

IIl. ROUTING FORRELIABILITY

Manufacturing reliability and yield in VLSI designs are becoming aO—I_I
a crucial challenge as the feature sizes shrink into the nanome
scale. Both the antenna effect arising in the plasma process and
via-open defect are important issues for achieving a higher reliabili
and yield.
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IV. ROUTING FORRELIABILITY ks

Manufacturing reliability and yield in VLSI designs are becomin¢ | 1] \ 5
a crucial challenge as the feature sizes shrink into the nanome

\ Metal 1

scale. Both the antenna effect arising in the plasma process and
via-open defect are important issues for achieving a higher reliabili
and yield.

A. Antenna-Avoidance Routing

The antenna effectis caused by the charges collected on th
oating interconnects which are connected to only a gate oxide.
During the metallization, long oating interconnects act as temporary
capacitors and store charges gained from the energy provided by
fabrication steps such as plasma etching and CMP. If the collected
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Fig. 16. (a) A two-pin net and (b) The cross section view.
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Fig. 14. Terminologies of DPT layout decomposition: (a) Forpéiting distanceDs = , ve possible-con ict patternsf p1,p29, fp1,p39, f p2,p39,

fp3,pag, fpa,psg exist in a given grid-based layout. (b) A layout decompositassigningf p1,p2,pag to mask #1 and p3,psg to mask #2 results in a
con ict betweenp; andpz. (c) After splittingpy into p1a andpyp by a stitch, a better layout decomposition result incurs noicb
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Fig. 15. lllustration of the antenna effect: (a) A routingaexple, (b) Late stage of metal-1 pattern etching of (a), wheeecbllected charges on the right
side of the metal-1 pattern may cause damage to the connected>gae, and (c) Late stage of metal-2 pattern etching of (hgrevall the collected charges
can be released through the connected diffusion on theitdt s

Antenna avoidance by jumper insertion has been extensively statiffusion, or a junction of interconnects) and an edge denotes the
ied in the literature €.g, [23]-[26]). Ho, Chang, and Chen proposednterconnection between two circuit terminals or junctions. Since the
multilevel routing considering antenna effects by bottom-up jumpérterconnection connecting to a diffusion terminal will not cause any
insertion [23]. The work inserts jumpers only beside gate terminakntenna violation, the algorithm focuses on those connecting to gate
and its optimality of using the least jumpers to satisfy the antenterminals.
rule holds only for this special condition of inserting jumpers right |et L (u) denote the sum of edge weight (could be wirelength, wire
beside gate terminals. Wu, Hu, and Mahapatra extended the work [38a, wire perimeter limit, the ratio of antenna strength, etc) between
to handle the problem [24]. To x the antenna violation of a gatéhe nodeu and all its neighbors. The problem of jumper insertion
terminal, the work rst removes all subtrees around the node theh a routing tree for antenna avoidance/ xing can be formulated as
violate the antenna rules. After all such subtrees are removed, if théree-cutting problem as follows:
sink still violates the antenna rule, the work will continually remove jymper Insertion on a Routing Tree for Antenna Avoidance
the heaviest branch from the sink until the antenna rules are satis eggplem:

This approach still cannot guarantee optimal solutions under so@fen a routing tred = (V; E) and an upper boundmax , nd the
special cases. minimum setC of cutting nodese 6 u for anyc2 C andu 2 V,

Su and Chang formulated the general jumper insertion for anters@thatl (U)  Lmax ;8u 2 V.
avoidance (applicable at the routing stage) and/or xing (applicable As the routing-tree example shown in Figure 18(a),andu; are
at the post-layout stage) as a tree-cutting problem on a routitwgo sink nodes, the number beside each edge denotes the antenna
tree and presented the rst optimal algorithm for the general treeharge weight, andl max iS assumed to be 10. For this case, three
cutting problem [26]. As usual, a net is modelled as a routing tregmpers suf ce to solve the antenna violations; see the jumpgrs
where a node in the tree denotes a circuit terminal/junction (a gate, andcs shown in Figure 18(b).
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First sortl(up;ui)81p i  k in non-decreasing order and nd the
Fig. 17. (a) A two-pin net with jumper insertion and (b) Thessmection Maximum s such that is=1 I(Up;ui)  Lmax . Then add the cutting
view. nodescs+1 ;:::;Ck as shown in Figure 20(b).
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Fig. 18. (a) A routing tree with two sink nodes, andu, and (b) Three
jumperscy, Cy, c3 are inserted to satisfy the antenna rule.
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The algorithm performs in a bottom-up manner by dealing wit
leaf nodes rst followed by sub-leaf nodes of the tree. Here, a le
node is a node with no children, whereas a sub-leaf node is a nc
for which all its children are leaf nodes, and if any of its childrel
is a gate terminal, the edges between it and its children all hs
weightsL max . Let p(u) denote the parent node of nodeandl(e)

(or I(u;v)) be the antenna charge weight of the edge (u;v) in

the routing tree. ‘ . .
For a leaf nodey, if I(u; p(u)) Lmax Oru is not a gate terminal,

thenu satis es the antenna rule and thus it does not need to ins

any cutting nodes. However, ifu; p(u)) > L max andu is a gate, U U, Us... Uy Ugyq Ugio..., U,

thenl(u;c) = Lmax gives the best position for inserting the cutting

nodec, as illustrated in Figure 19. After adding jumperthe edge

e(u; c) is cut from the tree. b
For a sup;leaf node up and its children, 81 i k, let ( )

total _len = :(:1 I(ui;up). There are two cases:

Fig. 20. (a) Optimal jumper insertion for a sub-leaf node andl{bstration
Case ltotal len L max for the case ofotal _len > L max .
If (total len + I(up;p(up)) > L max , the cutting nodec with
I(c;up) + total len = Lmax gives the best position, as shown in



B. Redundant-Via Aware Routing In contrast, for the better routing result as shown in Figure 23(c), via

In the nanometer technology, via-open defects are one of import&rﬁti” re_mains alive for doub_le_-via in_sertion. Therefore, itis desira_ble
failures. A via may fail due to various reasons such as random defeé%COI"ISIder the redundz_in_t_-wa insertion at the routing stage _to fac!lltate
electromigration, cut misalignment, and/or thermal stress induc8@d preserve more exibility for the post-layout double via insertion,
voiding effects. The failure signi cantly reduces the manufacturingS Pointed out by [31].
yield and chip performance. To improve via reliability and yield,
redundant-via insertiois a highly recommended technique propose
by foundries. If a via fails, a redundant via can serve as a fault-tere
substitute for the failing one. As shown in Figure 21, a redundant v— T mim
can be inserted adjacently to each via to form a double-via pe

Double vias typically lead to 10-100 smaller failure rates than sing
vias. \
© []
S s \
i1 dead via alive via
e L i @ (b) ©
] metal 2
. Fig. 23. Redundant-via aware routing bene ts the post-laydouble-via
— (W] via insertion: (a) A detailed-routing instance for a 2-pin cection from the
[@ redundant vii sourceS to the targetT, (b) If an inferior routing path is selected, via
would become a dead via and cannot be paired, and (c) For a baiting

path, viav would remain alive for double-via insertion.

Fig. 21.  Double-via insertion. Each via is paired with a medant via to Chen et al. developed a redundant-via aware detailed-routing
form a double-via pair. algorithm [30]. For each redundant-via candidateof a viav, the
redundant-via cost af;, cost¢;), is set as

Below give some terminologies about vias. For a via, a redundant-

via candidate is its adjacent position where a redundant via can cost(r;) = i

be inserted. For the example shown in Figure 22, via has DoF,

one redundant-via candidate on its left Side, and \X@.ahas three where DoFV stands for thedegree of freedonof v and equals

candidates around it. According to the number of redundant-vige number of redundant-via candidates \of The redundant-via

candidates, vias can be classi ed dsad alive, or critical vias. If  penalty for a connection patp is calculated as the summation of

a via has at least one redundant-via candidate, it is an alive V{fg redundant-via costs of these redundant-via candidat@s on

otherwise it is called a dead via. Note that if an alive via has eXaCtly Figure 24 illustrates the routing a|gorithm_ Figure 24(a) shows a

one redundant-via candidate, it is also called a critical via. As showatailed-routing instance connected from the soBc® the target

in Figure 22, both vias v1 and; are alive viasy, is a dead via, T The redundant-via costs of redundant-via candidates are shown in

andv, is also a critical via. Figure 24(b). The router can nd a better routing path by choosing
one with smaller redundant-via penalty, as shown in Figure 24(c).
Finally, the routing solution would be more redundant-via friendly as
shown in Figure 24(d), which contains more alive vias and preserves
more redundant-via candidates to bene t the post-layout redundant-

N metal 1 via insertion.

[ metal 2

@ via

B redundant-via candida

V. CONCLUSIONS

Routing is one of the most fundamental steps in the physical design
ow and is typically a very complex optimization problem. In this
article, we have addressed routing for some important nanometer

critical via é

alive vias dead via effects, including manufacturability and reliability. As the technology
nodes keep shrinking, all these effects should be considered in the
Fig. 22.  lllustration of redundant-via candidates, deadsyialive vias, earlier design stages. Considering the trade-off between optimization

and critical vias. Viasv1, vz, andvs have one, zero, three redundant-viaexibility and layout-information availability, routing appears to be

candidates, respectively. Both andvs are alive viasy; is a dead via, and the best stage to handle these effects. It would be necessary to develop

v1 is also called a critical via. new data structures, algorithms, frameworks, and/or methodology for
the next-generation routers to handle the severe challenges yet to

Traditionally, redundant-via insertion is performed at the posf-ome'

layout stage, which can be formulated amaximum independent set REFERENCES
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